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Abstract

Globally accessible preventive and therapeutic molecules against SARS-CoV-2 are urgently needed.
DARPin molecules are an emerging class of novel therapeutics based on naturally occurring repeat
proteins (~15 kDa in size) and can be rapidly produced in bacteria in large quantities. Here, we report
the identification of 380 DARPin molecules specifically targeting the SARS-CoV-2 spike protein selected
from a naive library of 102 DARPin molecules. Using extensive biophysical and biochemical
characterization, (pseudo)virus neutralization assays and cryo-EM analysis, 11 mono-DARPin
molecules targeting either the receptor binding domain (RBD), the S1 N-terminal-domain (NTD) or the
S2 domain of the SARS-CoV-2 spike protein were chosen. Based on these 11 mono-DARPin molecules,
31 anti-SARS-CoV-2 multi-DARPin molecules were constructed which can broadly be grouped into 2
types; multi-paratopic RBD-neutralizing DARPin molecules and multi-mode DARPin molecules
targeting simultaneously RBD, NTD and the S2 domain. Each of these multi-DARPin molecules acts by
binding with 3 DARPin modules to the SARS-CoV-2 spike protein, leading to potent inhibition of SARS-
CoV-2 infection down to 1 ng/ml (12 pM) and potentially providing protection against viral escape
mutations. Additionally, 2 DARPin modules binding serum albumin, conferring an expected half-life of
about 3 weeks in humans, were included in the multi-DARPin molecules. The protective efficacy of one
multi-DARPin molecule was studied in a Golden Syrian hamster SARS-CoV-2 infection model, resulting
in a significant reduction in viral load and pathogenesis. In conclusion, the multi-DARPin molecules
reported here display very high antiviral potency, high-production yield, and a long systemic half-life,

and thereby have the potential for single-dose use for prevention and treatment of COVID-19.
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Introduction

Fighting the COVID-19 pandemic will require coordinated global efforts to maximize the benefits of
vaccinations and therapeutics®. Even though vaccine efforts have progressed considerably, there is and
will be a remaining medical need for (preventive) therapeutics to treat patients and to protect health
care workers as well as other vulnerable people who cannot get protected by vaccination. Neutralizing
monoclonal antibodies are expected to be critically important and could be readily available??,
however they are complex to manufacture and come at a considerable cost, meaning poor countries

may be priced out?, thus preventing an effective global solution.

DARPin molecules are an emerging class of novel therapeutics that are actively being developed in
ophthalmology and oncology, with four molecules at a clinical stage®. Here, we report the generation
and characterization of the first anti-viral DARPin molecules in the context of the COVID-19 pandemic.
DARPin molecules are derived from naturally occurring ankyrin repeat proteins (Supplementary Figure
1a). To generate therapeutic DARPin molecules, a pure in vitro approach (i.e. selections via ribosome
display) is possible and can be carried out in a very short time frame, only requiring the target protein,
in this case the SARS-CoV-2 spike protein or subdomains thereof. Hence, therapeutic DARPin
molecules can be prepared independently of patient samples and the availability of neutralizing
antibodies from those patients. DARPin molecules can be mono-specific or linked by peptide linkers to
form multi-DARPin molecules with several specificities (Supplementary Figure 1b). Notably, DARPin
molecules can be manufactured by microbial fermentation, and thus be potentially available world-
wide within a short time due to lower technical requirements to provide large-scale clinical grade
material. Additionally, DARPin molecules are relatively heat-stable, thus offering the prospect of a

reduced cold chain for distribution around the globe.

The SARS-CoV-2 spike protein’!!, which is responsible for virus entry into the host cell, comprises
multiple functional units: S1, which includes the N-terminal domain (NTD) and the receptor binding
domain (RBD) responsible for interaction with host receptors®® such as angiotensin-converting enzyme
2 (ACE2), and the S2 domain, which is responsible for virus-host cell membrane fusion by triggering
conformational changes. Priming of the fusion function is thought to occur via cleavage of S2 by host
proteases during cell entry!?!3, Consequently, this presents the opportunity to target several sites on
a single viral protein, leading to multiple mechanisms of inhibition. Such a multi-pronged approach is
therefore expected to lead to higher potencies (lower doses required) and better protection against

potential viral escape mutations.
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With most antibody approaches focusing on one or two epitopes of the SARS-CoV-2 spike protein, we
present here a novel approach using DARPin molecules to simultaneously bind the SARS-CoV-2 spike
protein at three sites with one molecule. The results reported below describe the selection and
characterization of mono-specific DARPin molecules against various parts of the spike protein, how we
chose the most potent mono-DARPin molecules and, supported by cryoEM data, rationally combined
them into highly potent multi-DARPin molecules. Importantly, we demonstrate that multi-DARPin
molecules can prevent disease in a hamster model of COVID-19. We anticipate that antiviral multi-

DARPin molecules represent an easy-to-deploy antiviral approach to treat and/or prevent COVID-19.
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Results

Selection and characterization of mono-DARPin molecules targeting different regions of SARS-CoV-
2 spike.

The DARPin technology is based on naive DARPin libraries®, with a physical diversity of about 102
different mono-DARPin molecules, allowing the selection of sets of very diverse binding molecules by
ribosome display'***, the method of choice when dealing with libraries of such large diversities. DARPin
libraries are based on a consensus design approach using several hundred ankyrin repeat protein
sequences of the human and mouse genome?®. An overview of the entire generation process of anti-
SARS-CoV-2 spike protein binding DARPin molecules is shown in Figure 1. To obtain individual DARPin
molecules binding to various parts of the SARS-CoV-2 spike protein and potentially inhibiting viral cell
entry, the generation was focused on DARPin molecules binding to the receptor binding domain (RBD),
the S1 N-terminal domain (NTD) or the S2 domain?’. In order to focus on the most potently binding
DARPin molecules obtained after four ribosome display selection rounds, E. coli cell extracts
overexpressing 3’420 individual DARPin molecules were screened by homogeneous time-resolved
fluorescence (HTRF) assays for binding to different spike protein domains. A total of 909 binding
DARPin molecules were selected based on binding and inhibition profiles obtained in HTRF. Using the
knowledge of which domain the mono-DARPin molecules bound to, 380 DARPin molecules were
chosen to be expressed in 96-well format and purified to homogeneity. In parallel, the DNA sequences
were determined, which confirmed a high level of sequence diversity. DARPin molecules were further
characterized for antiviral potency in a VSV-pseudovirion neutralization assay (PsV NA) as well as
biophysically by size exclusion chromatography (SEC), Sypro-Orange thermal stability assessment??,
ProteOn surface plasmon resonance (SPR) target affinity assessment, and ELISA, to orthogonally
evaluate target binding, as well as a HTRF-based RBD/human ACE2 binding competition experiments
which was developed in-house. In parallel to the characterization of the 380 mono-DARPin molecules,
6 mono-DARPin molecules of known specificity were used to randomly assemble a set of 192 Tri-
DARPin molecules. The assessment of antiviral potency of this set of randomly assembled Tri-DARPin
molecules proved, as envisioned, to have increased anti-viral potencies, but also provided valuable
information on how the binders to various spike protein domain need to be combined. This guided the
rational assembly of multi-DARPin molecules described below (data not shown).

Based on the combined data for the 380 mono-DARPin molecules, 11 of them (Table 1 and
Supplementary Figure 4) were chosen for the rational generation of 31 multi-DARPin molecules (Table
2) described below. Each of these 11 mono-specific DARPin molecules displayed low pM to low nM
affinities and had a different binding surface to potentially increase the resistance against future SARS-

CoV-2 mutations.
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Cryo-EM analysis of mono-DARPin molecules

To gain further insights into the mode of inhibition and binding, 3 individual mono-DARPin molecules
targeting RBD, S1-NTD, or S2, were subjected to cryo-electron microscopy (cryo-EM) analysis in
complex with the trimeric spike ectodomain. In each case, few intact spikes remained following
incubation with the mono-DARPin molecules, particularly with the S2 binder. When spike ectodomains
were incubated with RBD-binding mono-DARPin molecule #3 for 15 seconds prior to vitrification, 3D
classification revealed that 65% of the intact S ectodomains were in the closed conformation, 20% had
two RBDs in the open conformation and 15% had all three RBDs in the open conformation
(Supplementary Figure 2a). For the open RBD classes, additional density, consistent with the size of a
mono-DARPin molecule, was present on the RBD receptor binding ridge (RBR). When the incubation
time was increased to 60 seconds, all the S ectodomains had two or three RBDs in the open
conformation (Supplementary Figure 2b). This demonstrates that DARPin binding prevents closure of
the RBD through a previously described ratcheting mechanism?’. Subsequent 3D refinement of the
fully open class, from the 60 second incubated sample, produced a 6.9 A global resolution map (Figure
2a and Supplementary Figure 2c-d). The resolution of the map was sufficient to unambiguously assign
the pose of RBD-binding mono-DARPin molecule #3, which binds perpendicular to the RBD receptor
binding motif (RBM), with its N-terminus orientated toward the spike three-fold symmetry axis. The
concave DARPin binding surface covers the RBR and overlaps with the ACE2 binding site (Figure 2b).
Based on the cryo-EM data, molecular docking experiments were performed. The top scoring model
indicated that the interface area is ~700 A? and that key epitope residues are F456, Y473, F486, N487
and Y489, which form a primarily hydrophobic interface with the DARPin molecule #3 (Supplementary
Figure 2e). The proposed model is in line with 30 pM binding affinity measured in SPR. Taken together,
these data show that RBD-binding mono-DARPin molecule #3 inhibits SARS-CoV-2 through receptor
functional mimicry, facilitating fusogenic conformational rearrangements of the spike protein. This
mechanism of inhibition was also observed for a SARS-CoV neutralizing antibody, $230%7, and more

recently for a SARS-CoV-2 neutralizing antibody, C105%.

Following a 15 second incubation with the S1-NTD-binding mono-DARPin molecule #9, 2D classification
already revealed clear additional density bound to the spike NTD (Supplementary Figure 3a-b).
Subsequent 3D classification revealed that most of the DARPin-bound spikes were in the closed
conformation, and 19% had one RBD in open conformation (Supplementary Figure 3c). 3D refinement
of the fully closed class produced an 8.8 A global resolution map (supplementary Figure 3d), sufficient
to dock and assign the pose of the bound DARPin molecule (Figure 2c). This mono-DARPin molecule
binds to the most distal region of the NTD, which is not resolved in the majority of available spike

structures'®2°. However, several spike structures with nearly completely modelled NTDs were recently
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reported?>?2, The better resolved NTD loops in these structures allowed us to further narrow down the
DARPin epitope, indicating that the concave binding surface is ideally situated to interact with the N5
loop, encompassing residues 246-2582% (Figure 2d). A recently described monoclonal antibody, 4A8%,
also targets the NTD, involving an extensive hydrophilic interaction network with the N3 loop and, to
a lesser extent, the N5 loop. In contrast, molecular docking experiments suggest mono-DARPin
molecule #9 interacts with the NTD primarily through hydrophobic interactions with N5 loop residues
248-252 (Supplementary Figure 3e), with an interface area of ~600 A2. Structural analysis of S
ectodomains incubated with the S2 binder #10 did not reveal any unambiguous density for the bound
mono-DARPin (data not shown). The low number of intact ectodomains present following incubation

with mono-DARPin #10 suggests that the S2 binder compromises the structural integrity of spike.

Rational design of multi-DARPin molecules targeting SARS-CoV-2 spike

We aimed to increase virus neutralizing potency through molecular linkage of mono-DARPin
molecules, using the 11 mono-specific DARPin molecules that were characterized in molecular detail
(Table 1). A total of 31 multi-DARPin molecules were generated, each comprising 3 mono-DARPin
molecules against various epitopes of the spike protein as well as two mono-DARPin molecules against
human serum albumin (HSA), which has been shown to confer long half-life in animals and humans
(Table 2). The assembly of these 5-domain multi-DARPin molecules was guided by the rationale to
diversely cover different spike epitopes and the combinatorial learnings of the 192 randomly
assembled tri-DARPin molecules, in order to come up with the most potent molecules as well as good
development requirements such as stability and other biophysical properties. Each of the 31 multi-
DARPin molecules contained at least one RBD-binding domain since preventing ACE2 receptor
interaction is assumed to be the strongest point of interference with viral particles entering into the
host cell. Some of the 31 multi-DARPin molecules were designed to contain several binding molecules
to the same spike domain. Molecules containing only RBD-binding domains are called “multi-RBD”
DARPin molecules whereas the remaining DARPin molecules are called “multi-mode” DARPin
molecules, to indicate the combination of different modes of action of viral inhibition (i.e. inhibition of
protease cleavage and cell fusion mechanisms, inhibition of conformational change, or inhibition of
binding to human receptors such as ACE2). All 31 multi-DARPin molecules were also profiled for their
biophysical properties and share the typical DARPin properties of high thermal stability (Table 2) and
high soluble expression levels (data not shown). When comparing the affinities of the mono-DARPin
molecules with the multi-DARPin molecules, it became apparent that the combination of several pM
and nM mono-DARPin molecules (Supp. Figure 4) leads to affinities/avidities below the limit of
guantification by surface plasmon resonance (data not shown). The viral neutralization potency of 22

of the 31 multi-DARPin molecules was assessed in two screening titration PsV NAs and ICso values
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spanning a range from 98-1267 pM were observed (the format learnings from the first screening batch
already supported to discard 9 of the 31 initial candidates) (Table 2). It was observed in various viral
assays (PsV NA and authentic SARS-CoV-2), that the ICso values of the most potent multi-DARPin
molecules were determined by the number of viral particles within the assay, indicating even higher
potencies then identified in the screening assays. A confirming titration PsV NA assay, using very low
viral particle numbers, was performed with the most promising 12 multi-DARPin molecules, which
showed viral neutralization ICso values even in the low pM range (Figure 3a). SARS-CoV-2 neutralization
capacity for 19 of the 31 multi-DARPin molecules was confirmed using the authentic pathogenic strain,
where cell protection of susceptible Vero E6 cells was observed at concentrations ranging from 16 pM
to 100 pM, corresponding to 1.3 ng/ml to 8 ng/ml (Table 2).

For two multi-DARPin molecules, representative for the two different formats (i.e. Multi-RDB-DARPin-
Candidate, MR-DC, and Multi-Mode-DARPin-Candidate, MM-DC), the assay with the infectious SARS-
CoV-2 was performed in a better resolved titration range, resulting in ICso values of 12 pM for MR-DC
(1 ng/ml) and 80 pM for MM-DC (7 ng/ml), respectively (Figure 4). Those extremely high potencies are
key for the use of any molecule in SARS-CoV-2 treatment especially also in a prophylactic setting where
very low virus titers at infection initiation are expected.

Guided by cryoEM data, we generated structural models of the MR-DC and MM-DC molecules in
contact with the spike protein using 3D molecular modeling tools (Figure 5). The length of the linker
allows simultaneous binding the NTD and the RBD binding DARPin molecules, whereas half-life
extension modules have sufficient space to bind HSA. Within the distance limited by the linker
length, we identified a potential binding site for the S2 binder, suggesting that simultaneous binding

of to the spike protein is feasible.

Robustness against viral escape of multi-DARPin molecules

Next, we assessed in a PsV NA the impact of several spike protein variants of the most abundant SARS-
CoV-2 strains, including one carrying the frequently occurring D614G mutation. All strains were
neutralized with high potency by the two representative multi-DARPin molecules, MR-DC and MM-DC
(Table 3), indicating robustness against viral escape.

To simulate a potential loss of binding to the RBD domain, e.g. following the accumulation of several
viral mutations, 10 nM soluble RBD protein (a concentration chosen well below the interaction affinity
of human ACE2 and RBD, to not influence the assay performance, but high enough to fully block the
RBD binding DARPin component) was co-incubated with multi-DARPin molecules and the mixture
subsequently assessed for its inhibition potential in a pseudovirus neutralization assay. Whereas the

multi-RBD DARPin molecule MR-DC displayed about a 30-fold inferior ICso of about 4 nM (in the range
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of soluble RBD added), the multi-mode DARPin MM-DC molecule almost fully maintained its potency,
(Figure 3b).

High-density fermentation and concentration of multi-DARPin molecules

To assess the suitability for development of two representative multi-DARPin molecules (Multi-RDB-
DARPin-Candidate, MR-DC and Multi-Mode-DARPin-Candidate, MM-DC), they were expressed in high-
density fermentation and resulted in yields of 12-17 g/L. The resulting protein was purified and
concentrated to estimate the potential to deliver a sub-cutaneous formulation: 120 mg/mL was

reached without reaching limiting viscosity.

In vivo antiviral efficacy of a multi-DARPin in a SARS-CoV-2 hamster infection model

A hamster PD model was performed to study the potential of multi-DARPin molecules for preventing
SARS-CoV-2 related disease, (Figure 6). Golden Syrian hamsters (6 females per group) were treated
with a single intraperitoneal dose of one multi-DARPin molecule, MR-DC, using either 16 ug, 160 ug,
1600 pg, or with placebo, 24 h prior to intranasal infection with SARS-CoV-2. Readouts included
observation of body weight, macroscopic assessment of lung lesions, virus titers, and histopathology.
At the 1600 pg dose, the multi-DARPin molecule produced significant reduction of the viral titers in
the lung (7). Furthermore, dose-dependent reductions in virus titers, macroscopically determined lung
lesions and body weight loss were observed, indicating that both the 160 ug and the 1600 pg doses
have anti-viral activity under the conditions of the hamster model. Sufficient exposure was
independently confirmed in healthy Golden Syrian hamsters at 160 pug and 1600 ug (Figure 6c).
Histopathology (Figure 7, Table 4) and viral titer (TCIDsp and gPCR) data confirmed that the 1600 ug

dose had the strongest protective effects.
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Discussion

Additional solutions to combat the COVID-19 pandemic are urgently needed. Next to vaccination
approaches, monoclonal antibodies have led to a lot of promise, based on highly potent inhibitors and
promising animal efficacy. However, due to the global scale of COVID-19, manufacturing is expected
to become a major bottleneck to make medicines readily available to all individuals in need. Next to
antibodies, a number of alternative molecules have been developed to complement and partially
overcome drawbacks of antibodies. Here we set out to isolate DARPin molecules - one prominent
alternative to antibodies?® - that bind the SARS-CoV-2 spike protein. We tested a library of one trillion
DARPin molecules and identified multiple DARPin molecules with different functionalities and binding
specificities. By molecular linkage of individual DARPin molecules, we developed multi-DARPin
molecules with picomolar neutralizing activity and demonstrated their protective efficacy against
SARS-CoV-2 infection in a hamster model.

The most potent neutralizing DARPin molecules were found to target the receptor binding
domain blocking the spike-ACE2 interaction. This finding is congruent with the identified epitopes of
potent neutralizing antibodies obtained from COVID-19 patients®?>2°, Thus, the in vitro approach using
DARPin molecules independently confirms that the ACE2 interaction site on the SARS2-CoV-2 spike
protein is one of the most vulnerable epitope to block virus infection in cell culture.

The single chain binding domain nature of DARPin molecules facilitated the design of
multivalent and multispecific DARPin molecules with greatly increased neutralization potency. Virus
neutralization capacity increased a thousand times when three DARPin molecules were linked - relative
to the individual modules - likely due to both improved binding to the trimeric spike proteins by
increased avidity as well as targeting of multiple spike domains. A similar strategy with comparable
outcome has been recently applied for nanobodies®’. The observed neutralization capacity of the
multi-DARPin moleculess in the low picomolar range is similar or even outcompetes the neutralizing
capacity of monoclonal antibodies. The multi-DARPin molecules are expected to retain potency even
if the spike protein of SARS-CoV-2 should mutate considerably in future, especially when multiple
modes of action are addressed.

DARPin molecules?* have shown good promise for both ophthalmology and oncology patients.
Within oncology, MP0250 is the DARPin molecule! with most data available to date: MP0250 is a dual
inhibitor of VEGF and HGF and is being developed for multiple myeloma in combination with small
molecules. MP0250 shows a long systemic half-life of about 2 weeks, low immunogenicity potential,
and has been given to individual patients for more than two years. Here, we demonstrate in vivo
prophylactic protection from SARS-CoV-2 infection by a multi-DARPin in a hamster model. Also, the
half-lives reported here appear comparable to the half-lives reported for monoclonal antibodies. Thus,

the multi-DARPin molecules represent very attractive potential therapeutics for clinical studies.
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Generally, DARPin molecules can be easily produced in bacterial expression systems at high yields
allowing cost-effective and scalable production of antiviral biologicals at industrial quantities.
Consequently, global access to this novel class of therapeutics may be highly additive to monoclonal
antibody approaches and thus contribute to overcoming the COVID-19 pandemic. Our results show
the potential of multi-DARPin molecules for the prevention or treatment of COVID-19.

We anticipate that the presented workflow for DARPin development can be used for any
future emerging (corona)virus. We have proven that high affinity binding and potently neutralizing
DARPin molecules can be developed in a matter of weeks, without the requirement of immunization
of animals or access to patient materials. Such fast track development strategies of picomolar

inhibitors are critical to raise preparedness level towards novel pandemic viruses.

Data availability

The EM density maps (unsharpened, sharpened, half maps and mask) will be deposited to the Electron
Microscopy Data Bank. The mono-DARPin and multi-DARPin sequences, and atomic coordinates
derived from molecular docking experiments, are available (by contacting the corresponding author)
for research purposes only under an MTA, which allows the use of the data for non-commercial

purposes but not their disclosure to third parties.
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Figure 1: Process overview for the generation of anti-SARS-CoV-2 multi-DARPin molecules. Upper

panel, generation and evaluation of mono-DARPin molecules. Lower panel, assembly and deep-

characterization of multi
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Viral membrane

Figure 2: Cryo-EM analysis of mono-DARPin molecules. a) Cryo-EM density for the SARS-CoV-2 spike
ectodomain in complex with the RBD targeting DARPin, shown as two orthogonal views. The atomic
coordinates for the fitted fully open spike (PDB ID: 6XCN) and the DARPin homology model are overlaid
and colored grey and pink, respectively. b) Zoomed in view of the DARPin bound RBD with the cryo-
EM density shown as a grey mesh. The atomic coordinates of the RBD bound ACE2 (PDB ID: 6M0J),
colored green, is superimposed. c) Cryo-EM density for the SARS-CoV-2 spike ectodomain in complex
with the NTD targeting DARPin, shown as two orthogonal views. The atomic coordinates for the fitted
fully closed spike (PDB ID: 6ZGE) and the DARPin homology model are overlaid and colored grey and
blue, respectively. d) Zoomed in view of the DARPin bound NTD with the cryo-EM density shown as a
grey mesh. The N3 and N5 loops are labelled and glycans are shown in stick representation and colored
orange.
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Figure 3: a) Titration of 12 multi-DARPin molecules (black lines) in a PsV-NA assay at very low viral
titers for determination of VSV-SARS-CoV-2 neutralization. Multi-DARPin molecule negative control
(solid red line). b) Evaluation of potency loss for candidates MR-DC and MM-DC when blocking the
RBD-binding mono-DARPin molecule with soluble RBD (Fc-dimerized). MM-DC (dashed black line),
MM-DC with blocked RBD-binding entity (dashed blue line), MR-DC (solid black line), MR-DC with
blocked RBD-binding entity (solid red line).
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Figure 4: Evaluation of Cytopathic Effect (CPE) for infection of susceptible Vero E6 cells when incubated
with infectious SARS-CoV-2 (Cell Titer Glo Assay). a) Titration data for the two representative multi-
DARPin molecules MR-DC (triangle down) and the MM-DC (stars) respectively a multi-DARPin negative

control (hollow circles); b) As a positive control Fc-dimerized human ACE2 was employed in the same
assay (full circles).
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Multi-RBD Multi-Mode

Q $1 - RBD domains

. S1 - NTD domains

. S2 domains

Figure 5. Molecular model®? of multi-DARPin molecule MM-DC (right), consisting of five DARPin
domains (yellow: HSA-binding domains, blue: RBD-binding domain, green: NTD-binding domain,
orange: S2-binding domain) bound to the spike ectodomain. Linkers are shown in black. Molecular
model®*? of MR-DC (left) consisting of five DARPin domains (yellow: HSA-binding domains, shades of
blue: RBD-binding domains) bound to the RBDs (white) of the spike ectodomain (grey). Linkers are
shown in black.

Position of RBD and NTD binders guided by Cryo-EM data (Figure 2) - *Positioning on spike protein
remains uncertain for the S2 binder and is guided by manual docking and not based on Cryo-EM data.
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Figure 6. In-vivo efficacy of MR-DC in treating SARS-CoV-2 infection in a preventive Golden Syrian

hamster model. A) study design: six animals were used per dose group. Generally high variations

were observed in control and treatment groups. At Day -2, body weight (W) was measured, blood

(B) was taken, and the first throat swab (Sw) performed. Animals were euthanized on Day 4 and

tissue (Tis) were taken and gross pathology (Gp) was performed. MR-DC exhibits (b) a trend to dose-

dependent reduction of the frequency of macroscopically observed lung lesions (detailed pathology

data is listed in Table 3), and (c) a trend to dose-dependent reduction of body-weight loss at day 4.

d) Pharmacokinetic exposure at 160 pg and 1600 ug (e-g) Virus titers post challenge for throat swabs

(e), nasal turbinate (f) and significant reduction of viral loads in the lung at 1600 pg with a trend to

dose-dependent reduction of viral loads (g).
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10 x

20 x

Figure 7: Representative histopathology microscopic pictures of hamster lung tissue taken at day 4.
Left panel, hamster lung tissue of an animal treated with 1600 pg MR-DC (group 1); right panel,
inflamed lung tissue showing mild hemorrhage, alveolar wall thickening and proliferation of
pneumocytes of an animal which received the placebo injection (group 4)
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Table 1: List of spike protein-binding mono-DARPin molecules and their properties

PsV NA —Single Conc.

Name Binding Viral Neutralization Screenings Ko [10° M] -;I:r-c(;}ile ;’g] -[slizga]
domain [10° M]
1 RBD Neutralizing 1-10 0.258* Monomer  >65 ~14
2 RBD Neutralizing 1-10 0.220** Monomer  >85 ~17
3 RBD Neutralizing 1-10 0.030* Monomer  >85 ~17
4 RBD Neutralizing 1-10 0.390** Monomer  >85 ~17
5 RBD Neutralizing 1-10 0.090* Monomer  >85 ~17
6 RBD Neutralizing 1-10 0.080* Monomer  >85 ~17
7 RBD Non-neutralizing no neutralization 8.10** Monomer >80 ~14
8 RBD Non-neutralizing no neutralization 10.0** Monomer  n.a. ~14
9 NTD Non-neutralizing no neutralization 1.24* Monomer  n.a. ~14
10 S2 Partial Neutralization 10-100 0.785* Monomer  >85 ~14
11 S2 Partial Neutralization 10-100 n.a. Monomer  >85 ~17

* Multi concentration SPR measurement
** Single concentration SPR measurement

n.a.: not applicable
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Table 2. Properties of SARS-CoV-2 inhibiting drug candidates

1Cso PsVv NA  ICso Cytopathic
Construct 5D-Multi-DARPin (*Screening (*Screening effect ) Tm
Name setting - Assay 1) setting - Assay 2) Live Virus** SEC Profile ECCD])
1 2 3 4 5 [10° M] [10° M] [10° M]

MR-DC H H 6 3 . 5 . 0.1988 <0.025 Monomeric ~ >85
MM-DC H H 5 9 10 0.2278 <0.100 Monomeric ~ >85
3 H H 6 1 3 0.1195 <0.080 Monomeric >80
4 H H 4 2 1 0.2606 <0.080 Monomeric  >75
5 H H 4 6 3 0.2806 n.a Monomeric ~ >85
6 H H 6 . 3 6 0.1247 <0.016 Monomeric ~ >85
7 H H 7 3 6 0.2407 <0.016 Monomeric >80
8 H H 8 4 1 0.2377 <0.080 Monomeric ~ >85
9 H H 3 . 6 7 n.a.x** n.a Monomeric ~ >85
10 H H 4 1 8 0.2632 <0.050 Monomeric ~ >85
11 H H 3 . 6 9 0.2638 <0.080 Monomeric ~ >85
12 H H 9 3 6 . 0.2792 <0.080 Monomeric >80
13 H H 1 . 6 9 0.4175 <0.080 Monomeric  >75
14 H H 9 6 1 . 0.4756 <0.080 Monomeric >80
15 H H 6 9 10 0.09803 <0.080 Monomeric >80
16 H H 3 9 11 1.267 <0.800 Monomeric ~ >85
17 H H 10 9 6 0.1471 <0.050 Monomeric ~ >85
18 H H 11 9 3 0.6927 n.a Monomeric >80
19 H H 5 1 3 0.3862 n.a Monomeric >80
20 H H 1 2 5 0.3538 <0.080 Monomeric >80
21 H H 3 5 6 0.2557 <0.080 Monomeric ~ >85
22 H H 7 3 5 n.a.*** n.a Monomeric ~ >85
23 H H 8 5 6 n.a.*** n.a Monomeric  n.d.
24 H H 6 10 11 0.2013 <0.080 Monomeric ~ >85
25 H H 3 10 10 0.1408 <0.016 Monomeric >80
26 H H 5 6 9 n.a.*** n.a Monomeric  n.d.
27 H H 9 3 5 n.a.x** n.a Monomeric  n.d.
28 H H 9 6 5 n.a. *** n.a Monomeric  n.d.
29 H H 6 . 9 11 n.a. *** n.a Monomeric  n.d.
30 H H 10 9 5 n.a. *** n.a Monomeric  n.d.
31 H H 11 . 9 6 n.a. *** n.a Monomeric  n.d.

H = HSA-Binding DARPin; n.a.: not applicable

* Higher viral titers used compared to illustrated titration curves, which leads to higher ICso values

** Titration assays for evaluation of cytopathic effect (CPE) by crystal violet staining

*** Format not pursued due to insights of the first PsV NA screening assay
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Table 3. Neutralization potency (ICso, [10"2M]) for multi-DARPin molecules MR-DC and MM-DC for SARS-
CoV-2 spike protein variants, frequently observed in sequencing data of globally appearing serotypes, were
evaluated by PsV NA.

wt G476S VA483A D614G D614G x Q675H
MR-DC 16.53 27.08 27.48 11.77 12.11
MM-DC 5.48 14.46 32.40 4.64 22.44
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Table 4. Histopathology results of the hamster study

Animal Group Compound  Dose Extent of  Severity SUM of Severity s -
- everity of

number  number alveolitis/alveolar  of extent + of bronchiolitis
damage alveolitis  severity  bronchitis

1 1 MR-DC 1600 1 1 2 2 1

2 Mg 0 0 0 1 1

3 1 2 3 3 1

4 1 1 2 3 1

5 1 1 2 2 1

6 0 0 0 1 1

7 2 MR-DC 160 1 3 4 3 2

8 Mg 2 3 5 3 3

9 2 3 5 3 3

10 2 3 5 3 3

11 2 3 5 2 3

12 2 3 5 3 3

13 3 MR-DC 6pug 2 3 5 3 3

14 2 3 5 3 3

15 3 3 6 3 3

16 2 3 5 3 3

17 1 3 4 3 2

18 3 3 6 3 3

19 4 Placebo N/A 2 3 5 3 3

20 2 3 5 3 3

21 2 3 5 3 3

22 2 3 5 3 3

23 2 3 5 3 3

24 2 3 5 3 3

Animal Group Compound Dose Alveolar edema Alveolar hemorrhage presence Type 1]

number  number presence pheumocyte

hyperplasia
presence

1 1 MR-DC 1600 no no no

2 Mg no no no

3 no no yes

4 no no yes

5 no no yes

6 no no no

7 2 MR-DC 160 ug  vyes yes yes

8 yes yes yes

9 yes yes yes

10 yes yes yes

11 yes yes yes

12 yes yes yes

13 3 MR-DC 16 pg yes yes yes

14 yes yes yes

15 yes yes yes

16 yes yes yes

17 yes yes yes

18 yes yes yes

19 4 Placebo N/A yes yes yes

20 yes yes yes

21 yes yes yes

22 yes yes yes

23 yes yes yes

24 yes yes yes
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Materials and Methods

SARS-CoV-2 spike proteins variants used

Proteins used for selections comprised SARS-CoV-2 S protein ectodomain (SARS2-Secto-d72-GCN4-
Streptag; University of Utrecht), SARS-CoV-2 S protein (S1+S2 ECT, His-tag; Sinobiological 40589-
V08B1), Bio-COVID-19_S1 protein_His_Avitag (Acro Biosystems), SARS2-S1-Flag-3Streptag (University
of Utrecht), COVID-19_S_protein_RBD_Fc (Acro Biosystems), and SARS2-S1B-2Streptag (University of

Utrecht). Proteins were biotinylated using standard methods.

Selection of SARS-CoV-2 spike protein-specific DARPin molecules by ribosome display

DARPin libraries® (N2C and N3C) were used in ribosome display selections!*® against the SARS-CoV-2
spike protein fragments. Four selection rounds were performed per target and library using decreasing
target concentrations and increasing washing stringency to increase selection pressure from round 1
to round 4. The number of reverse transcription (RT)-PCR cycles after each selection round was
continuously reduced, adjusting to the yield due to enrichment of binders. The 12 resulting pools were

then subjected to a binder screening.

Screening of mono-DARPin molecules

Mono-DARPin molecules specifically binding to the S1-RBD, S1-NTD and S2 domains of the spike
protein of SARS-CoV-2 in solution were identified by a homogeneous time resolved fluorescence
(HTRF) assay using crude extracts of DARPin-expressing Escherichia coli (E. coli) cells using standard
protocols. Briefly, DARPin clones selected by ribosome display were cloned into a derivative of the
pQE30 (Qiagen) expression vector, E. coli XL1-Blue (Stratagene) was transformed and plated on LB-
agar (containing 1% glucose and 50 pg/ml ampicillin) and then incubated overnight at 37°C. Single
colonies were picked into individual wells of 96 well plates containing 165 pl growth medium (LB
containing 1% glucose and 50 pg/ml ampicillin) and incubated overnight at 37°C, shaking at 800 rpm.
150 pl of fresh LB medium containing 50 pug/ml ampicillin was inoculated with 8.5 ul of the overnight
culture in a fresh 96-deep-well plate. After incubation for 120 min at 37°C and 850 rpm, expression
was induced with IPTG (0.5 mM final concentration) and continued for 6 h. Cells were harvested by
centrifugation of the 96-deep-well plates, supernatant was discarded, and the pellets were frozen at -
20°C overnight before resuspension in 8.5 pl B-PERII (Thermo Scientific) and incubation for 1 h at room
temperature with shaking (600 rpm). Then, 160 ul PBS was added and cell debris was removed by
centrifugation (3220 g for 15 min). The extract of each lysed clone was applied as a 1:200 dilution (final
concentration) in PBSTB (PBS supplemented with 0.1% Tween 20® and 0.2% (w/v) BSA, pH 7.4)
together with 20nM (final concentration) biotinylated spike protein domain, 1:400 (final

concentration) of anti-6His-D2 HTRF antibody — FRET acceptor conjugate (Cisbio) and 1:400 (final
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concentration) of anti-strep-Tb antibody FRET donor conjugate (Cisbio, France) to a well of a 384-well
plate and incubated for 120 min at 4°C. The HTRF was read-out on a Tecan M1000 using a 340 nm
excitation wavelength and a 620+10 nm emission filter for background fluorescence detection and a
665210 nm emission filter to detect the fluorescence signal for specific binding. The extract of each
lysed clone was tested for binding to the biotinylated spike protein domains, in order to assess specific

binding to the spike protein.

Cloning of multi-DARPin molecules
Multi-DARPin molecules were prepared using Gibson assembly as described®. The individual domains

are linked with proline-threonine-rich polypeptide linkers.

DAPRIn protein production and characterization

DARPin molecules were expressed in E. coli and purified as described®. Characterization of mono-
DARPin molecules included SDS-PAGE (not shown), size exclusion chromatography, surface plasmon
resonance, SARS-CoV-2 pseudotype virus inhibition assay, as well as live virus inhibition assay.
Characterization of multi-DARPin molecules included SDS-PAGE (fully intact size without degradation;
not shown), mass spectrometry (expected molecular weight; not shown), size exclusion
chromatography coupled to static light scattering, circular dichroism, storage stability (stable at 60°C
for 1 week; data not shown), serum stability (stable at 37°C in serum for one week; data not shown),
surface plasmon resonance, SARS-CoV-2 pseudotype virus inhibition assay, live virus inhibition assay,

hamster pharmacokinetic analysis, and hamster efficacy model.

Circular dichroism of DARPin molecules

Circular dichroism measurement was performed with a Jasco J-815 using a 1 cm pathlength cuvette
(Hellma) with the monitor sensor inserted in the cuvette. The MRE at 222 nm was followed over a
temperature ramp from 20°C to 90°C (heating and cooling). Spectra from 190-250 nm were taken
before and after the variable temperature measurement at 20°C. The protein was measured at

0.25 uM in PBS.

Surface plasmon resonance affinity determination of DARPin molecules

SPR assays were used to determine the binding affinity of mono-DARPin as well as multi-DARPin
molecules to the spike protein of SARS-CoV-2. All SPR data were generated using a Bio-Rad ProteOn
XPR36 instrument with PBS-T (0.005% Tween20) as running buffer. A new neutravidin sensor chip

(NLC) was air-initialized and conditioned according to Bio-Rad manual.
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Mono-DARPin molecules: Chemically biotinylated (via lysines) SARS-CoV-2 spike protein 20 (Sino
Biologics) was captured to ~3400 RUs (30 ug/ml, 30 pl/min, 300 s). Two buffer injections (100 pl/min,
60 s) followed by two 12.5 mM NaOH regeneration steps (100 pl/min, 18 s) were applied before the
first injections. Mono-domain DARPin proteins were injected (at 50/16.7/5.6/1.9/0.6 nM) for 180 s at
100 pl/min for association and dissociation was recorded for 3600 s (at 100 ul/min). The ligand was
regenerated with a 12.5 mM NaOH pulse (100 ul/min, 18 s). The data was double referenced against
the empty surface and a buffer injection and fitted according to the 1:1 Langmuir model.

Multi-DARPin molecules: Chemically biotinylated (via lysines) COVID-19_S protein_RBD_Fc (Acro
Biosystems) was captured to ~1000 RUs (775 ng/ml, 30 ul/min, 300s). Two buffer injections
(100 pl/min, 60s) followed by two 12.5 mM NaOH regeneration steps (100 pl/min, 18s) were applied
before the first injections. One single concentration of 25 nM of each multi- domain drug candidate
was injected for 180 s at 100 pl/min for association and dissociation was recorded for 36’000 s (at
100 pl/min). The data was double referenced against the empty surface and a buffer injection. Due to

avidity gain, no significant dissociation could be recorded during the measured time.

Cells and viruses

Vero E6 cells (African green monkey kidney cells, ATCC® CRL1586™) purchased from ATCC (Manassas,
VA 20110 USA) were passaged in cell culture medium DMEM (FG0445) containing 10% FBS and
supplements (2mM L-Glutamine, Non-essential amino acids and 100 U/ml Penicillin 100 pg/ml
Streptomycin and HEPES, all from Biochrom, Berlin, Germany) at 37°C with CO2. SARS-CoV-2 (2019-
nCoV/IDF0372/2020) kindly provided by Dr. Sylvie van der Werf from the National Reference Centre
for Respiratory Viruses hosted by Institut Pasteur (Paris, France) was propagated in Vero E6 cells in
MEM containing 2% FBS and supplements (2%-FBS-MEM) at 37°C and 5% CO,.

Virus neutralization capacity of mono-DARPin and multi-DARPin molecules was determined for 100
TCIDso SARS-CoV-2 by crystal violet staining of protected cells. DARPin molecules were serially diluted
from 50 nM to 3.2 pM (in triplicates) in 100 pl cell culture medium (2%-FBS-MEM) enriched with 10
UM human serum albumin (HSA, CSL Behring, Switzerland) (2%-FBS-MEM + HSA) in 96 well plates. The
diluted DARPin candidates were exposed to 100 TCIDso SARS-CoV-2 (10% TCIDso/ml) in 100 pl 2%-FBS-
MEM + HSA. DARPin/virus mixtures (200 ul) were transferred onto 80% confluent Vero E6 cells. The
controls consisted of Vero E6 cells exposed to DARPin molecules only, to determine unspecific effects
of the DARPin molecules, of cells exposed to virus suspension only to determine maximal cytopathic
effect and of cells incubated with medium only, to determine baseline state of cells. The plates were
incubated for 3 days at 37°C and the cytopathic effect determined by staining with 100 ul/well crystal
violet solution (spatula tip (~4 mg) crystal violet powder (Sigma Aldrich) solved in 30 ml 37% formalin

and 120 ml PBS (Sigma Aldrich)) for 10 min and washing plates with PBS (Sigma Aldrich). Wells were
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visually evaluated for complete protection indicated by intact blue/violet cell layer or partial protection
in case of >50% intact cell layer.

The effect of neutralization capacity of MultiDARPin was evaluated by exposing serial dilutions of the
DARPin candidates to increasing titers of SARS-CoV-2 and determining cell protection by CellTiter-Glo
assay (Promega, Madison, USA). Serial dilution of DARPin candidates were prepared in 96 well plates
in 100 pl cell culture medium (2%-FBS-MEM + HSA) mixed with 100 pl virus suspension of 10* TCIDso/mll
SARS-CoV-2 and incubated for 1 h at 37°C and 5% CO,. DARPin/virus mixtures (200 pl) were transferred
onto 80% confluent Vero E6 cells and plates incubated at 37°C for 3 days. Cell viability was determined
by removing 100 pl supernatant from all wells and adding 100 ul CellTiter-Glo reagent as described in
the manufacturers protocol (CellTiter-Glo® Luminescent Cell Viability Assay). Luminescence was read
after 2 minutes shaking on an orbital shaker and 10 min incubation at RT using the GloMax instrument

(Promega, Madison, USA).

SARS-CoV-2 VSV pseudotype virus assay

Mono-DARPin molecules and multi-DARPin molecules were assessed for inhibition potency in a SARS-
CoV-2 VSV pseudotype virus assay. Assays were performed in two different laboratories

Laboratory 1: screening and RBD-competition assays (Tabel 1, Table 2, Figure 4b)

SARS-CoV-2 pseudoviruses were generated as described previously®*. For the pseudovirus
neutralization assay (PsV NA) an initial dilution of the drug was followed by two-fold dilutions in
quadruplicates in Dulbecco modified Eagle medium (DMEM)-2 % [vol/vol] fetal calf serum (FCS) The
mixture was mixed with an equal volume of medium containing 200 or 2000 infectious units (IU) per
well and incubated for 90 min at 37°C. Following this incubation, the mix was inoculated onto Vero E6
cells in a clear bottom white walled 96-well plate during 90 min at 37°C. The inoculum was removed
and fresh medium added, and cells further incubated at 37°C for 16 h. Cell were lysed according to the
ONE-Glo™ luciferase assay system (Promega, Madison, US) and light emission was recorded using a
Berthold® TriStar LB941 luminometer. The raw data (relative light unit values) were exported to
GraphPad Prism v8.01, and the % neutralization data were normalized to the untreated PsV signal. ICso
with 95% confidence interval were estimated by model of nonlinear regression fit with settings for log
(inhibitor) vs normalized response curves.

Laboratory 2: PsV NA for titration curves (Figure 4a)

Production of VSV pseudotyped with SARS2-S was described previously®. Briefly, HEK-293T cells were
transfected with pCAGGS expression vectors encoding MERS-S, SARS-S or SARS2-S carrying a 16-, 28-
or 18-a.a. cytoplasmic tail truncation, respectively. One day post transfection, cells were infected with

the VSV-G pseudotyped VSVAG bearing the firefly (Photinus pyralis) luciferase reporter gene. Twenty-
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four hours later, supernatants containing SARS2-S pseudotyped VSV particles were harvested and
titrated on African green monkey kidney Vero E6 (ATCCHCRL-1586) cells.

In the virus neutralization assay, DARPin molecules were threefold serially diluted at two times the
desired final concentration in DMEM supplemented with 10 uM human serum albumin (CSL Behring),
100 U/ml Penicillin and 100 pg/ml Streptomycin (Lonza). Monoclonal antibodies against MERS-S (2),
SARS-S or SARS2-S were included as a positive control®®. Diluted DARPin molecules and mAbs were
incubated with an equal volume of pseudotyped VSV particles for 1 hour at room temperature,
inoculated on confluent Vero E6 monolayers in 96-well plate, and further incubated at 37 °C for
24 hours. Cells were lysed with Luciferase Cell Culture Lysis 5X Reagent (Promega) at room
temperature for 30 min. Luciferase activity was measured on a Berthold Centro LB 960 plate
luminometer using D-luciferin as a substrate (Promega). The half maximal inhibitory concentrations

(ICs0) were determined using 4-parameter logistic regression (GraphPad Prism version 8).

Cryo-electron microscopy

4 pl of purified S ectodomain (9 uM) was mixed with 1 pl of 50 uM mono-DAPRin #3, #9 or #10, and
incubated for 15 seconds at room temperature. 3 pl of sample was then dispensed on Quantifoil
R1.2/1.3 200-mesh grids (Quantifoil Micro Tools GmbH) that had been freshly glow discharged for 30 s
at 20 mA. Grids were blotted for 5 s using Whatman No. 1 filter paper and immediately plunge-frozen
into liquid ethane cooled by liquid nitrogen using a Vitrobot Mark IV plunger (Thermo Fisher Scientific)
equilibrated to ~95% relative humidity, 4°C. Movies of frozen-hydrated specimens were collected using
Glacios Cryo-TEM (Thermo Fisher Scientific) operating at 200 keV and equipped with a Falcon 4 Direct
Electron Detector (Thermo Fisher Scientific). For additional analysis of mono-DARPin #3, 4 ul of purified
S ectodomain (18 uM) was mixed with 1 pl of 100 uM DARPin, and incubated for 60 s at room
temperature. Grids were prepared as described above, and movies were collected using a Titan Krios
Cryo-TEM (Thermo Fisher Scientific) operating at 300 keV and equipped with a Falcon 4 Direct Electron
Detector (Thermo Fisher Scientific). All cryo-EM data were acquired using the EPU 2 software (Thermo
Fisher Scientific) with a 30-degree stage tilt to account for preferred orientation of the samples. All
movies were collected in electron counting mode at 96,000x corresponding to a calibrated pixel size
of 1.1 A/pix over a defocus range of -1.25 to -2.5 pm.

Image processing

Movie stacks were manually inspected and then imported in Relion version 3.0.1%. Drift and gain
correction were performed with MotionCor2%, and GCTF*® was used to estimate the contrast transfer
function for each movie. Particles were automatically picked using a gaussian blob template and
Fourier binned (2 x 2) particles were extracted and subjected to a round of 2D classification, ignoring

CTFs until the first peak. Particles selected from 2D classification were subject to a round of 3D
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classification. Particles belonging to the best class were re-extracted unbinned, 3D auto-refined and
post-processed. Iterative rounds of per particle defocus estimation, 3D auto-refinement and post-

processing were used to account for the 30-degree stage tilt used during data collection.

Molecular modeling of mono and multi-DARPin molecules
Homology models of mono-DARPin molecules #3 and #9 were generated with Rosetta®. The
consensus designed ankyrin repeat domain PDB ID:2xee was used as template. Mutations were

[ with fixed backbone, and the structure was refined with

introduced with RosettaRemode
RosettaRelax*. Forty refined structures were clustered using RosettaCluster with 0.3 A radius, and the
lowest-energy model from the largest cluster served as the final model. These models were then used
for fitting domain #3 and #9 into the observed electron density generated from the complex structure
of the spike protein.

To facilitate accurate fitting of the DARPin coordinates into their respective cryo-EM maps, difference
density of the bound DARPin molecules were produced. For mono-DARPin #3, the atomic coordinates
of a fully-open spike ectodomain (PDB ID: 6XCN) were fitted into the EM density using the UCSF
Chimera ‘fit in map’ tool. The Fab component of the model was deleted, and then the ‘molmap’
command was used to simulate a 7 A resolution density map. This simulated map was then resampled
on the grid of the experimental cryo-EM density map using the ‘vop resample’ command. The ‘vop
subtract’ command was then used to subtract the value of the simulated map from the experimental
map. The ‘minRMS’ option was used to automatically scale the simulated map to minimize the root-
mean-square sum of the resulting subtracted values at grid points within the lowest contour of
simulated map. The UCSF Chimera ‘fit in map’ tool was then used to fit mono-DARPin #3 into the
difference density until the correlation between the map and model did not improve any further, and
ensuring that the epitope binding surface of the mono-DARPin was orientated towards the spike
ectodomain. This workflow was then repeated for mono-DARPin #9, using the fully closed spike

coordinates (PDB ID: 6ZGE).

The PDB file with the coordinates of the trimer of domain #3:RBD was used as an input structure for
the conceptual modeling of MR-DC bound to the spike ectodomain as shown in Figure 5. In both
models, the open RBD domain from PDB ID 6vyb was used to generate three RBDs in the open
conformation?®. For the conceptual modeling of MM-DC a similar approach was used by fitting domain
#9 into the observed density of the NTD cryo-EM structure. Additionally, a structurally resolved NTD
domain from PDB 7c2| was used?3, and a binding domain model of S2 (#10) was placed manually to a

potential interacting site on S2 (non-glycosylated region within reasonable distance from the binding
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domain #9, based on linker length). For both structures, HSA binding DARPin models were placed and

the linkers between each binding domain were modeled using Rosetta modeling tools*.

In a last step, the models of mono-DARPin #3:RBD (residues 303-526) and mono-DARPin #9:NTD
(residues 14-303) were refined with Rosetta. The structures were pre-relaxed for docking and served
as input for local, high-resolution docking with RosettaDock** with fixed backbone. Five hundred
models were generated and clustered with 1 A radius (RosettaCluster). Two largest clusters were
inspected and the lowest-energy model from more conserved group (i.e., with lower rigid-body
perturbation from the input structure) was taken further for additional all-atom refinement with
RosettaRelax*!, with protocol optimized for interfaces (InterfaceRelax2019). Fifty models were
generated, and the lowest scoring model was selected. This model was used to describe the

interactions between DARPin molecules and their target domains.

Hamster pharmacokinetic study

Single-dose intraperitoneally administered dose pharmacokinetic measurements in female hamsters
(n =6 per group) were performed at 160 pg and 1600 ug. Blood samples were collected pre-dose and
again at 5min, 1 h, 4 h, 24 h, 48 h, 72 h, 96 h, and 168 h post-injection. Serum concentrations were
determined by sandwich ELISA using RBD as capture reagent and an anti-His-tag antibody as detection
reagent and using a standard curve. Pharmacokinetic parameters were determined using the software
Phoenix WinNonLin (Certara, Princeton, USA) or GraphPadPrism (GraphPad Software, La Jolla,USA)

and non-compartmental analyses.

Prophylactic Golden Syrian hamster model for the assessment of antiviral potency of candidate MR-DC
The study was performed at Viroclinics Xplore, Schaijk, The Netherlands.

Virus used for Golden Syrian hamster study

SARS-CoV-2 isolate BetaCoV/Munich/BavPat1/2020 was kindly provided by Prof. Dr. C. Drosten
(European Virus Archive Global # 026V-03883). With a history of 1 passage in Vero-TMPRSS2 and 3
passages in Vero E6 cells (ATCC), the seed stock was titrated in Vero E6 cells to a concentration of 7.1
log10 TCIDso/ml. The seed stock was thawed and diluted in cold phosphate-buffered saline (PBS) prior
to infection.

Experimental design

Twenty-four specific-pathogen-free (SPF) 15 weeks-old Golden Syrian hamsters (Mesocricetus auratus,
females, provided by Envigo) were uniquely identified using individually-coded animal markers. They
were housed in elongated type 2 group cages with two animals per cage under BSL-Ill conditions during

the experiment. They were kept according to the standards of Dutch law for animal experimentation
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and were checked daily for overt signs of disease. The study was carried out following approval by an
independent animal welfare body (approval AVD277002015283-WP13) and complied with all relevant
ethical regulations for animal testing.

Four groups of six hamsters were treated with multi-DARPin molecule MR-DC via the intraperitoneal
route with 16 pg, 160 g, or 1600 ug doses per animal or with a placebo 24 hours prior to infection
and subsequently animals were inoculated intra-nasally with 100 pL PBS containing 5x10* TCIDso SARS-
CoV-2. The inoculum was instilled dropwise using a pipette and equally divided over both nostrils. The
animals were weighed regularly and throat swabs, for quantitative PCR and infectious virus titration,
were collected on a daily basis. For all animal procedures, the animals were sedated with isoflurane
(3-4%/02).

Upon necropsy at day 4 post infection, full-body gross pathology was assessed for each animal and all
abnormalities recorded and described. All lung lobes were inspected, and the percentage of affected
lung tissue was estimated by eye. Samples of the left nasal turbinates, trachea and the entire left lung
(often with presence of the primary bronchi) were preserved in 10% formaldehyde for histopathology.
Samples of the right lung parenchyma and right nasal turbinates were frozen for quantitative PCR and
virus titration.

Virology

Throat swabs and homogenized tissue samples (lungs and nasal turbinates) were thawed and tested
for the presence of SARS-CoV-2 RNA using RT-qPCR and of infectious virus using virus titration.

RNA was extracted from samples using Magnapure LC total nucleic acid isolation kit (Roche). RNA
amplification and quantification were carried out using a 7500 Real-Time PCR System (Applied
biosystems) specific primers (E_Sarbeco F: ACAGGTACGTTAATAGTTAATAGCGT and E_Sarbeco_R:
ATATTGCAGCAGTACGCACACA) and probe (E_Sarbeco_P1: ACACTAGCCATCCTTACTGCGCTTCG) as
described* and RNA copies were calculated.

Quadruplicate 10-fold serial dilutions were used to determine the virus titers on confluent layers of
Vero E6 cells. To this end, serial dilutions of the samples (throat swabs and tissue homogenates) were
prepared and incubated on Vero E6 monolayers for 1 hour at 370C. Vero E6 monolayers were washed
with PBS and incubated for 4-6 days at 370C after which plates were scored for cytopathogenic effect
(CPE) using the vitality marker WST-8. Viral titers (TCIDso) were calculated using the method of
Spearman-Karber.

Histopathology

After fixation with 10% neutral-buffered formalin, sections of the left lung, left nasal turbinate and
trachea were embedded in paraffin. The tissue sections were stained with hematoxylin and eosin
(H&E) for histopathological evaluation. Semi-quantitative scores of 0, 1, 2 or 3 were given when the

extent of alveolitis and alveolar damage were estimated at 0%; 1-25%; 26-50% or >50%, respectively.
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The cumulative score for the extent and severity of inflammation of the lung provided the total score
of alveolitis per animal. For the severity of alveolitis, bronchiolitis, bronchitis, and tracheitis, semi-
guantitative scores of 0, 1, 2 or 3 were given when no, few, moderate numbers or many inflammatory
cells were present, respectively. For the presence of alveolar edema, alveolar hemorrhage, and type I
pneumocyte hyperplasia, scores of 0 or 1 were given upon their absence or presence, respectively. For
the extent of peribronchial, peribronchiolar, and perivascular infiltrates, semi-quantitative scores of 0,
1, 2 or 3 were given when infiltrates were absent, or when they were one to two, three to ten, or more

than ten cells thick, respectively.
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Supplementary Figures

a)

b)
pe®08eg ®eoee PR
Target binder A Target binder B Target binder C Target binder D

Supplementary Figure 1: a) Mono-DARPin molecule shown as ribbon structure and designed ankyrin
repeats are colored alternatingly in white and blue for the five repeats. Different to flexible CDR
loops of antibodies, target binding occurs via a rigid surface using randomized residues colored in
orange. b) DARPin modality: mono-DARPin molecules may be linked with standard protein linkers
(grey bead-string) to generate bi-specific up to, at least, hexa-specific multi-DARPin molecules (here
a tetra-specific DARPin molecule is illustrated). While incorporating various and additive modes of
action in a single chain construct (e.g. adding a human serum albumin binder for half-life extension
or binding of various targets respectively target domains), these multi-DARPin molecules maintain
their class behavior such as high binding affinities, biophysical properties which allow rapid drug
development or excellent protein expression yields in bacterial cultures.
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Supplementary Figure 2: a) 3D classes obtained from spike ectodomains incubated with mono-DARPin
#3 for 15 seconds, and b) for 60 seconds. c) Gold-standard Fourier shell correlation (FSC) curve
generated from the independent half maps contributing to the 6.9 A resolution density map. d) The
EM density map of the spike ectodomain bound to three copies of mono-DARPin #3, coloured
according to local resolution. e) DimPlot* representation of putative interacting residues between the
spike ectodomain RBD and mono-DARPin #3, identified through molecular docking experiments.
Residues participating in hydrophobic interactions are shown as spoke arcs. Residues participating in
hydrogen bonding are shown as sticks, and hydrogen bonds are shown as yellow dotted lines. Residues
are coloured grey and pink for spike and PDB #3, respectively.
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Supplementary Figure 3 a) Representative reference-free 2D class averages obtained from the mono-
DARPin #9 incubated spike ectodomains, and b) mono-DAPRin #3 incubated samples, shown for
comparison. c) 3D classes obtained from spike ectodomains incubated with mono-DARPin #3 for 15
seconds. d) Gold-standard Fourier shell correlation (FSC) curve generated from the independent half
maps contributing to the 8.8 A resolution density map. e) DimPlot* representation of putative
interacting residues between the spike ectodomain NTD and mono-DARPin #9, identified through
molecular docking experiments. Residues participating in hydrophobicinteractions are shown as spoke
arcs. Residues participating in hydrogen bonding are shown as sticks, and hydrogen bonds are shown
as yellow dotted lines. Residues are coloured grey and blue for spike and monoDARPin #9, respectively.
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Supplementary Figure 4: Surface plasmon resonance (SPR) sensorgrams of the mono-DARPin
molecules #3, #5, #6, #9, #10, incorporated in MR-DC. a-c) and MM-DC (c-e) binding to immobilized
trimeric spike protein. DARPin concentrations for a-c: 50/16.67/5.56/1.85/0.62 nM. DARPin
concentrations for (d) and (e): 16.67/5.56/1.85/0.62 nM. Affinity values of mono-DARPin molecules
are listed in Table 1.
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